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 
Abstract²Incorporation of a GaAs0.8P0.2 layer allows strain 
balancing to be achieved in self-assembled InAs/GaAs 
quantum dots (QDs) grown by metal organic vapour phase 
epitaxy (MOVPE). Tuneable wavelength and high density are 
obtained through growth parameter optimisation, with 
emission at 1.27µm and QD layer density 3x1010cm-2. Strain 
balancing allows close vertical stacking (30nm) of the QD 
layers, giving the potential for increased optical gain. 
Modelling and device characterisation indicates minimal 
degradation in the optical and electrical characteristics unless 
the phosphorus percentage is increased above 20%. Laser 
structures are fabricated with a layer separation of 30nm, 
demonstrating low temperature lasing with a threshold current 
density of 100A/cm2 at 130K without any facet coating. 
Index Terms²MOCVD, MOVPE, Quantum Dots, Strain 
Balancing, Stranski-Krastanov, Semiconductor Laser 
I. INTRODUCTION 
uantum dots (QDs) have been of considerable interest 
over the past 35 years since the prediction of Arakawa 
and Sakaki of their potential benefits for lasers [1]. A 
number of research groups have reported the growth of self-
assembled QDs by metal organic vapour phase epitaxy 
(MOVPE), including reports of ground state lasing at room 
temperature [2]-[10]. Increasing the ground state wavelength 
towards 1.3µm has been a challenge but has been achieved 
with the introduction of a strain reducing layer (SRL) [11]-
[17]. Whilst the InGaAs SRL has the desired effect of an 
increase in wavelength by reducing the localised strain of 
the QDs, additional indium increases the overall strain into 
the active region [18]. This strain limits the minimum 
separation between layers and hence the maximum number 
of active layers achievable. Exceeding this limit results in 
the formation of dislocations, which significantly degrade 
the optical and electrical properties. Strain compensation 
using tensile materials, such as GaP have been studied in 
both molecular beam epitaxy (MBE) [19] and MOVPE [20]-
[23], with room temperature ground state lasing reported 
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[5]. However, introduction of these strain compensation 
layers is detrimental to the electrical characteristics as 
revealed by device modelling (section III). An alternative 
approach, previously reported, is the incorporation of QDs 
directly into a GaAs1-xPx matrix. However, this causes an 
unwanted blue shift in emission wavelength [24], [25]. In 
the present work the design of a strain balancing layer, 
which compensates all of the QD strain but does not 
adversely affect the device characteristics, is presented.  
With the introduction of a suitable strain balancing layer 
the total internal strain can be reduced close to zero, 
allowing close vertical stacking and increasing the number 
of QD layers that can be placed close to the maximum of the 
cavity mode, hence achieving a higher total gain. Figure 1 
shows an active region schematic with zero net strain via the 
incorporation of a GaAs0.8P0.2 strain balancing layer. 
Achieving a net strain of zero for each repeat of a QD layer 
plus strain balancing layer allows the separation between the 
QD layers to be reduced. For a layer QD areal density of 
3x1010cm-2, reducing the separation from 50 to 20 nm will 
increase the volumetric density by 2.5 times from 6x1015 to 
1.5x1016 cm-3. Devices containing phosphide materials are 
less commonly grown by MBE due to the difficulty in 
phosphorous management; this is not an issue for MOVPE. 
Furthermore, MOVPE lends itself to large scale 
6WUDLQ%DODQFLQJ2I0HWDO-2UJDQLF9DSRXU
3KDVH(SLWD[\,Q$V*D$V4XDQWXP'RW/DVHUV 
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Fig. 1.  Schematic of the strain balancing scheme discussed in this paper.  
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2 
manufacturing, due to the high uptime and volume 
scalability. In addition, epitaxial regrowth is significantly 
more mature in MOVPE with polycrystalline free selective 
area regrowth being highly challenging for MBE.  The strain 
balancing described in this paper may also find application 
in solar cells, due to the large number of QD layers needed. 
This paper reports the successful incorporation of a 
GaAs0.8P0.2 strain balancing layer into MOVPE grown laser 
structures.  A five layer, 30 nm spacing strain balanced QD 
laser grown by MOVPE operating up to 200K without any 
facet coating is demonstrated. Section II of this paper 
describes the QD growth optimisation process including 
how growth rate and arsine flow affect the QD 
characteristics. Section III outlines the strain balancing 
process, modelling the IV characteristics to show 
degradation in turn-on voltage with increasing phosphorus 
percentage above 20%. Section IV discusses the low 
temperature lasing characteristics of three different devices. 
Lasing at elevated temperatures is inhibited due to a wide 
spread in QD emission energies arising from a bimodal 
distribution of dot size. Section V proposes a modification 
of the growth parameters to overcome this issue. 
II. QUANTUM DOT GROWTH AND OPTIMISATION 
InAs is deposited onto GaAs with a 7% mismatch in their 
lattice parameters. This mismatch creates a highly strained 
2D layer of InAs below the critical thickness but as more 
InAs is added pseudomorphic growth is replaced by 3D 
growth; the Stranski-Krastanov (S-K) growth mode. Each 
growth parameter is characterised to understand how the 
QDs are affected. All devices are grRZQ RQ ´ 6L GRSHG
GaAs substrates (001), cut 3° off toward (110). TMIn, 
TMAl, TMGa and arsine are used as precursors. For initial 
structures for photo-luminescence (PL) characterisation, 
following the growth of a GaAs buffer layer, a lower 
cladding layer of 150nm Al0.42Ga0.58As was grown, followed 
by a 60nm GaAs active region, with the QD layer placed in 
the centre. The InAs QDs were capped with 8nm low 
temperature grown GaAs followed by a temperature ramp to 
530°C and the completion of the capping layer. An upper 
cladding layer of 150nm Al0.42Ga0.58As and a 30nm GaAs 
cap completed the structure. The QD layer was grown at 
485°C, by deposition of 2.0ML of InAs at a growth rate of 
0.04ML/s and  initial V/III ratios of 910 and 95 during QD 
growth and capping layer growth, respectively. A series of 
samples were grown either varying the growth rate or the 
arsine flows during QD growth or capping. For structures to 
study the effect of stacking QD layers, the number of layers 
was increased to five, with a separation of 50nm of GaAs 
between layers. Laser devices were p-i-n structures 
containing five QD layers within the intrinsic active region 
and 1.5µm Al0.42Ga0.58As n and p doped (1x1018 and 5x1017) 
cladding regions. PL measurements were obtained at room 
temperature using a 532nm laser and under low excitation 
power (0.38mW) to avoid excited state emission. The light 
is coupled into a monochromator and detected using an 
InGaAs detector. 
The effect of growth rate on peak PL wavelength is 
shown in Figure 2(a). As the growth rate decreases from 
0.18ML/s to 0.04ML/s a red-shift is observed in the ground 
state wavelength from 1.22 to 1.24ȝP, producing 20nm 
tunability. The inset to Figure 2 (a) shows normalised PL 
spectra for 0.08ML/s and 0.18ML/s. Cross-sectional 
transmission electron microscopy (TEM) estimated QD 
density measurements were performed using 113 dark field 
imaging conditions as described in [26]; because of the 
random positions of the QDs this may under-estimate the 
true density but should allow a relative comparison between 
different samples. A decrease in dot density with decreasing 
growth rate is observed; from 2.5x1010cm-2 at 0.18ML/s to 
4.5x109cm-2 at 0.08ML/s. The extension in wavelength and 
lower QD density with reduced growth rate is due to the 
deposited InAs forming larger, more indium rich dots [27]. 
To achieve ground state lasing a high QD density is 
required, therefore for subsequent optimisation the highest 
growth rate of 0.18ML/s was used. The effect of arsine flow 
during both QD and capping growth is shown in Figure 2 
(b). First, the effect of arsine flow during QD growth will be 
discussed. As the V/III ratio is increased from 104 to 625 a 
reduction is observed in the ground state emission from 1.22 
WRȝP however an unexpected decrease in QD density 
 
Fig. 2(a). Room temperature peak PL wavelength for different growth rates 
(inset) Room temperature low power PL of two samples for different growth 
rates. 
Fig. 2(b).  Room temperature peak PL wavelength for different III/V ratios. 
(inset) Room temperature PL with low excitation power obtained from two 
samples with different III/V ratio during the capping layer growth. 
 
Fig. 3.  Normalised room temperature power dependent PL of the 5 layer 
sample with nominal optimum growth conditions. 
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is also observed; from 2.5x1010cm-2 for a V/III ratio of 208 
to 1x1010cm-2 for a V/III ratio of 625. Due to this observed 
drop in QD density, subsequent samples used a V/III ratio 
of 104 for the QD growth.  
The effect of the V/III ratio during the capping layer 
growth was studied due to surface morphology issues, 
found after stacking five QD layers. Unexpectedly, the V/III 
ratio during the capping layer significantly affected the 
ground state wavelength. Therefore, the V/III ratio during 
capping growth was explored. The V/III ratio was changed 
from 2.8 to 190 for both the initial 8nm cap and the 
subsequent 42nm GaAs spacing layer. As the V/III ratio is 
decreased from 190 to 2.8, an increase in ground state 
emission wavelength is observed, from 1.197 to 1.262µm, as 
shown in Figure 2 (b). TEM images indicate a constant QD 
density of 2.5x1010cm-2 for samples grown using V/III ratios 
between 95 and 12. The mechanism behind the extension in 
wavelength is currently unknown but is a useful process to 
increasing the wavelength without using an SRL. The inset 
to Figure 2 (b) shows the increase in wavelength from 1.22 
to 1.26µm using a V/III ratio of 95 and 12 respectively. 
After optimising the growth conditions focus shifted 
towards developing QD laser devices. Figure 3 shows room 
temperature power dependent PL spectra of a five-layer 
sample with a QD layer separation of 50nm. Two peaks are 
observed, associated with the ground state and excited state 
emission at 1.27 and 1.165µm respectively, producing a 
relatively large state separation of 88meV and a linewidth of 
55meV. A high energy shoulder at low power is observed on 
the ground state. A red shifting of the emission, associated 
with thermal effects, is observed at high pump power. 
Figure 4 shows a typical cross-sectional TEM image of 
the QDs. All samples show QDs with a similar size and 
shape, nucleated on a wetting layer. The samples also show 
an indium diffusion layer which accumulates at the top of 
the low temperature grown GaAs cap. The mechanism 
behind the formation of this layer is unclear and how this 
layer affects carrier capture and recombination mechanisms 
remains to be studied. Attempts at removing this layer by 
increasing the thickness of the low temperature cap to 15nm 
and applying a temperature increase to 580°C to flush 
indium from the surface has not been successful.  
III. STRAIN BALANCING 
Table 1 gives the parameters of four samples grown using 
the optimised growth conditions but with the introduction of 
a GaAs0.8P0.2 strain balancing layer. Sample A is a five layer 
50nm separation device without GaAs0.8P0.2, VDPSOH$¶has 
the same parameters except that a 5nm GaAs0.8P0.2 layer is 
placed in the centre of the GaAs spacer layer after each QD 
layer6DPSOHV%DQG%¶IROORZ$DQG$¶H[FHSWWKDWWKH4'
layer separation is reduced to 30nm.    
A. Modelling  
Finite element analysis simulations using RSOFT 
LaserMOD was used to model the effect of placing a GaAsP 
barrier between two quantum wells (QWs).  QWs were used 
for simplicity and similar effects would be expected in QD 
structures with a wetting layer emission around 0.98µm. The 
cladding layer structure used is identical to the grown 
structures. 
Figure 5 (a) shows modelled characteristics of a double 
7.6nm In0.19Ga0.81As QW emitting at 0.98µm with a 5nm 
GaAsP barrier placed between the QWs. As the 
phosphorous content is increased from 0-20% there is no 
observable change in the IV behaviour. This is due to the 
height of the barrier produced by the GaAs0.8P0.2 being low 
enough not to impede carrier transport. Increasing the 
phosphorous content from 20-65% increases both the turn-
TABLE I 
 
Sample Separation Strain Balancing Ĭsub Z0 
A 50nm No 33.03° 32.9769° 
$¶ 50nm Yes 33.0302° 33.02° 
B 30nm No 33.0314° 32.9294° 
%¶ 30nm Yes 33.03° 33.0234° 
 
 
Fig. 4.  TEM image of a QD grown at 485°C with 2ML InAs coverage, 
0.18ML/s Growth Rate, 50sccm arsine flow. 
 
 
Fig. 5(a).  Modelled IV characteristics for different phosphorus percentages in 
a 5nm strain balancing layer. 
Fig. 5(b). Room temperature IV for QD mesa diodes fabricated from sample A 
DQG$¶ 
> JSTQE-CON-SL2017-06750-2017.R2  
 
4 
on voltage and internal resistance; both are detrimental 
effects. These modelling results indicate that a 5 nm thick 
GaAs0.8P0.2 strain balancing layer should not adversely affect 
the electrical properties of a laser device. Figure 5 (b) shows 
experimental room temperature IV characteristics for mesa 
diodes containing 5 QD layers. Characteristics for samples 
$ DQG $¶ are shown with no significant differences, in 
agreement with the conclusions from the modelling. This 
result demonstrates that GaAs0.8P0.2 can be used to achieve 
strain balancing with no degradation of the electrical 
properties.  
B. X-Ray Diffraction Analysis 
X-Ray diffraction (XRD) measurements of all four 
samples were recorded using a Bruker D8 diffractometer. 
Symmetric scan measurements RIȦ-ࣄwere obtained along 
the [004] reflections to determine the out of plane strain. 
Spectra are shown in Figure 6. 
To understand how much strain balancing was needed, the 
total strain observed in sample A is calculated by analysis of 
the position of the strain peak with respect to the substrate 
peak. The two most dominant peaks are associated with the 
GaAs substrate at 33.03° and the AlGaAs cladding layer at 
32.9732°. Fringe peaks arise from the repeating thickness of 
the active layer in the structure, which is the spacing 
thickness plus the thickness of the QD layer. Because this 
thickness does not change between samples the fringe 
spacing is constant. The thickness can be found using 
equation 1 where Ȝ is the X-Ray source wavelength, șn is the 
nth fringe peak and d is the thickness. The calculated 
thickness is 50nm, which is in agreement with 
measurements taken from TEM images and that intended 
from the growth. From table 1 the difference between the 
strain peak and the substrate peak can be found and the 
thickness of GaAs0.8P0.2 can be calculated from equation 2.  ݊ߣ ൌ ʹ݀  ߠ௡          (1) 
 ݐ௦௕ ൌ ݐ௦௟ οఏೞ೛೗೔೟௖௢௧ఏಸೌಲೞο௔ ௔ൗ          (2) 
where tsb is the thickness of the GaAs0.8P0.2, ǻșsplit is the 
difference between the substrate peak and the strain peak, 
șGaAs is the Bragg angle for GaAs, tsl is the thickness of the 
strained layer, ǻD is the change in lattice parameter and a is 
the lattice parameter of GaAs.  
From analysis of sample A and from the calculation using 
equation 2, 5nm of GaAs0.8P0.2 is used to compensate the VWUDLQ FDXVHG E\ WKH 4'V 6DPSOH $¶ LV identical to A but 
with the addition of 5nm GaAsP between the QD layers. 
Figure 6(a) shows that successful strain balancing has been 
achieved for VDPSOH$¶with the Z0 peak shifting to 33.02°; 
almost coinciding with the substrate peak at 33.03°. 
A similar analysis can be used in Figure 6(b). Here a 
difference in repeat thickness is observed, with the fringe 
spacing being reduced to 30nm, agreeing again with TEM 
analysis. The increase in splitting between the Z0 and 
substrate peak is due to the reduced spacing thickness 
causing a relatively larger indium concentration in the 
overall repeat structure. Therefore, the same thickness of 
GaAs0.8P0.2 can be used to reduce the strain to almost zero. 
C. Optical Characterisation of Mesa Diode Structures 
400µm diameter mesa diodes were fabricated and tested 
at room temperature, using a continuous-wave (CW) current 
source at 1 and 100mA. Emitted light is detected by a liquid 
nitrogen cooled germanium detector. Figure 7(a) and (b) 
show normalised electroluminescence (EL) emission of all 
four samples at both low and high excitation current. 
Samples A and $¶VKRZVLPLODUHPLVVLRQVSHFWUD, indicating 
that there is no detrimental effect arising from incorporation 
of the GaAs0.8P0.2 layer. Samples B and %¶VKRZVLPLODUORZ
excitation spectra indicating that the GaAsP layer has not 
affected the ground state emission which will be responsible 
for the lasing transition. At high current the excited state 
HPLVVLRQIURPVDPSOH%¶LVUHODWLYHO\ZHDNHUin comparison 
to the ground state emission than is the case for sample B. 
The reason for this difference is unclear although it would 
 )LJD;5'VSHFWUDRIVDPSOHV$	$¶ 
)LJE;5'VSHFWUDRIVDPSOHV%	%¶ 
  
Fig. 7(a).  Room temperature low and high current CW EL of samples $	$¶ 
Fig. 7(b). Room temperature low and high current CW EL of samples B & B¶ 
The spectra have been normalised to the ground state emission intensity. 
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5 
be consistent with a slightly higher QD density in sample 
%¶+RZHYHUWKHUHLVQRVWUXFWXUDOGDWDWRVXSSRUWWKLV.    
IV. LASER RESULTS 
Broad area lasers were fabricated from Samples A, B and 
%¶. Sample A was fabricated into a 8mm x 50µm, Sample B 
ZDV IDEULFDWHG LQWR D PP [ P ULGJH DQG VDPSOH %¶
was fabricated into a 8mm x 80µm ridge. Devices were 
tested in a cryostat over a range of temperatures, using a 
pulsed current source with a pulse width of 10µs and a duty 
cycle of 1% to reduce heating effects. Figure 8 shows 
typical LvsJ characteristics measured at 130K. Values of 
50A/cm2, 125A/cm2 and 100A/cm2 are obtained for samples 
A, B & %¶UHVSHFWLYHO\The lowest J th value is obtained for 
sample A. Reducing the QD layer separation to 30 nm (B 
DQG%¶LQFUHDVHVJ th but this increase is significantly less for 
the sample with the GaAs0.8P0.2 strain balancing layer 
VDPSOH %¶ This suggests that the GaAs0.8P0.2 layer is 
beneficial for a spacing of 30nm but that further work is 
needed to achieve the quality obtained for 50nm spacing. 
Emission spectra recorded below and above threshold at 
130K are shown in Figure 9 (a), (b) & (c). All spectra show 
lasing on the high energy shoulder of the below threshold 
emission, indicating that lasing is via an excited state and 
that there is insufficient ground state gain. Multiple lasing 
modes are observed due to the non-selective nature of the 
broad area laser.  
Figure 10 shows the temperature variation of J th. All three 
samples exhibit a minimum J th around 125K. The highest 
temperatures that lasing is achieved is 220K for sample A 
and 200K for samples B and %¶; limited by the range of the 
current source. Over the studied temperature range J th for 
sample B¶ is lower than for sample B providing further 
support for the benefits of the strain compensating 
GaAs0.8P0.2 layer [28]. Coating the facets of the lasers with a 
high reflective coating is expected to result in room 
temperature operation of these devices. However further 
spectroscopic studies (presented in the next section) 
suggested that further QD optimisation is required to realise 
high performance room temperature strain balanced 
MOVPE grown QD lasers emitting at 1.3µm.  
 
Fig 9. Above and below threshold emission spectra at 140K for the three laser 
devices studied. 
 
 )LJ/LJKWSRZHUDVDIXQFWLRQRIFXUUHQWIRUVDPSOHV$%	%¶DW. 
 
 
Fig. 10. Threshold current density as a function of temperature for samples A, 
%	%¶ 
 
 
Fig. 11.Temperature dependence spectra of sample A using low excitation 
current. 
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V. QD BIMODALITY 
Low temperature, low excitation current EL obtained 
from sample A is shown in Figure 11 for a range of 
temperatures. At these low currents and particularly at low 
temperatures all the QDs will be randomly populated by 
carriers rather than preferentially occupying the large QDs 
with deeper confining potentials. The low current ensures 
that the average dot carrier occupancy is <<1. The spectra 
revealed that the QDs have a bimodal size distribution [29], 
[30].  At low temperature the emission exhibits two peaks 
reflecting two subsets of QDs. The long wavelength 
emitting, larger quantum dots are required for lasing at 1.3 
µm but these appear to have a significantly lower density 
than the smaller, shorter wavelength emitting QDs. As the 
temperature is raised the relative intensity associated with 
the short wavelength peak is reduced with the longer 
wavelength peak becoming dominant above 140K [31], 
[32]. Although at high temperatures carriers will transfer 
preferentially into the long wavelength emitting QDs these 
results indicate that they represent only a small fraction of 
the total QD density and hence that the available gain close 
to 1.3 µm will be limited. The bimodal distribution of QDs 
may occur due to the preferential nucleation on the upper 
side of step edges as Zhou et al. have observed and Liang et 
al. have modelled [32], [33]. 
To achieve room temperature ground state lasing the 
bimodality of the QDs needs to be reduced. This can be 
achieved by depositing additional InAs to help ripen the 
QDs. Low temperature measurements of samples grown 
with different InAs amounts are shown in Figure 12. 
Increasing the amount of InAs from 2 to 2.6ML results in a 
significant reduction of the bimodality with the emission 
now dominated by the longer wavelength emitting subset of 
larger QDs. However, this reduction is achieved with a 
commensurate reduction in optical efficiency. Compared to 
the 2 ML sample the integrated EL is reduced by 13 and 
91% for the 2.2 and 2.4 ML samples respectively. However, 
increasing the amount of InAs to 2.2 ML significantly 
improves the bimodality, with only a slight fall in EL 
intensity. Further devices will require a detailed 
optimisation of the long wavelength emission, balancing a 
reduction in the bimodality with the decreasing overall 
optical efficiency. With additional optimisation of the 
growth parameters we believe that sufficient gain at long 
wavelength can be achieved.   
VI. SUMMARY 
Optimisation of the growth parameters of InAs QDs has 
been presented, with a focus on developing devices able to 
produce 1.3µm ground state lasing at room temperature. A 
novel aspect is the addition of a GaAs0.8P0.2 strain 
compensation layer to allow close spacing of the QD layers 
in a GaAs matrix and increased laser gain. Device modelling 
allows the maximum P content to be identified and this is 
confirmed by experimental IV measurements.  XRD 
analysis confirms that strain balancing has been achieved for 
layer spacing of 50 and 30 nm. Laser devices are grown and 
fabricated with and without the strain balancing layer. 
Incorporation of this layer is shown to improve the 
performance of a 30 nm spacing device although this is still 
inferior to that of a 50 nm device without strain balancing.  
Both strain balanced and non-strain balanced lasers operate 
up to at least 200K for 30nm separation and 220K for 50nm 
separation, without any facet coating. A strong QD 
bimodality is shown to limit the ground state gain for QDs 
emitting close to 1.3µm. The bimodality can be improved by 
increasing the InAs coverage, showing promise for future 
room temperature ground state lasing devices and novel 
device applications. 
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